Thermal analysis of bulk filled composite resin polymerization using various light curing modes according to the curing depth and approximation to the cavity wall O bjective: The purpose of this study was to investigate the polymerization temperature of a bulk filled composite resin light-activated with various light curing modes using infrared thermography according to the curing depth and approximation to the cavity wall. Material and Methods: Composite resin (AeliteFlo, Bisco, Schaumburg, IL, USA) was inserted into a Class II cavity prepared in the Teflon blocks and was cured with a LED light curing unit (Dr's Light, GoodDoctors Co., Seoul, Korea) using various light curing modes for 20 s. Polymerization temperature was measured with an infrared thermographic camera (Thermovision 900 SW/Te, Agema Infra-red Systems AB, Danderyd, Sweden) for 40 s at measurement spots adjacent to the cavity wall and in the middle of the cavity from the surface to a 4 mm depth. Data were analyzed according to the light curing modes with one-way ANOVA, and according to curing depth and approximation to the cavity wall with two-way ANOVA. Results: The peak polymerization temperature of the composite resin was not affected by the light curing modes. According to the curing depth, the peak polymerization temperature at the depth of 1 mm to 3 mm was significantly higher than that at the depth of 4 mm, and on the surface. The peak polymerization temperature of the spots in the middle of the cavity was higher than that measured in spots adjacent to the cavity wall. Conclusion: In the photopolymerization of the composite resin, the temperature was higher in the middle of the cavity compared to the outer surface or at the internal walls of the prepared cavity.
INTRODUCTION
Light curing of composite resin induces polymerization shrinkage, which leads to residual stress in the final restoration. The level of stress can have significant clinical consequences, including crack formation in the enamel or microscopic separations at the preparation/ restoration interface 23 . Davidson and Feilzer 7 (1997) reported that slow curing of composite resin reduced polymerization shrinkage by relieving stress. Similarly, pulse-delay polymerization is initiated by a short flash of curing light followed by a waiting time of several minutes before the final cure is performed 1, 13, 20, 23 . Soft-start curing is initiated with a reduced power density during the first part of the polymerization period in order to reduce polymerization shrinkage stress 1, 4, 6, 29 . These methods have been reported to reduce the gap formation between the tooth structure and the composite resin without compromising the mechanical properties or degree of conversion [17] [18] [19] 27 . Despite using various light curing modes, the temperature of the composite resin is increased during photopolymerization 3, 8 . Previous studies showed a temperature rise of more than 20°C in the composite resin during light curing 10, 15 . The temperature rise is more prominent when the curing time is long, light intensity is high, the composite resin is massive, and the degree of conversion of the composite resin is high 15 . Zach and Cohen 28 (1965) reported that this temperature rise during light-activation of composite resins could induce a significant adverse pulpal reaction in animal models. However, Al-Qudah, et al. 2 (2005) reported that dentin disks worked as good thermal insulators against exothermic reactions of the composite resins.
In the in vitro studies, the temperature rise during polymerization of the composite resin has been measured by the use of thermistor 22 , t h e r m o c o u p l e s 8 , 1 4 , d i f f e r e n t i a l s c a n n i n g calorimetry 25 , and differential thermal analysis 16, 26 . Observations have indicated temperature rises of between 3.3 and 40°C during composite resin polymerization. Unfortunately, these methods are invasive as they involve contact with the surface under study, which will alter the temperature recording accuracy. By contrast, electronic infrared thermography is a non-contact recording modality which is accurate and sensitive enough to record 0.1°C 12 . It, therefore, has advantages over other methods of temperature measurement. Hussey, Biagioni and Lamey 12 (1995) utilized this technique in vivo and measured the heat generated during light curing of a composite resin.
Previous studies measured the temperature in the lower surface of the composite resin specimens of various thicknesses with electronic infrared thermography while light curing of the upper surface 2, 3 . In this manner, only the temperature of the lower surface could be measured and the temperature within the composite resin could not be measured. In this study, however, the polymerization temperature was measured on the upper surface while the proximal surface of the composite resin was light activated. Therefore, the temperature within the composite resin, from the proximal surface to the deeper parts of the composite resin, could be measured according to the curing depth.
The aim of the present study was to evaluate the peak polymerization temperature of bulk filled composite resin according to the light curing modes. Then, the peak polymerization temperature at the selected measurement spots was evaluated according to the curing depth and approximation to the cavity wall. Therefore, the null hypotheses to be tested were: 1) the peak polymerization temperature of a composite resin is not affected by the various light curing modes; 2) the peak polymerization temperature of a composite resin at the selected measurement spots is not significantly different.
MATERIAL AND METhODS
A Class II cavity, 5 mm in length, 5 mm in width, and 4 mm in depth, was prepared in rectangular Teflon blocks. In order to determine the temperature measurement spots on the upper surface of the composite resin, a copper plate identical in size to the cavity in the Teflon block was positioned on a squared table and heated. A thermographic image of the heated copper plate was taken and the temperature measurement spots were determined. Spots 1 to 5 were assigned adjacent to the cavity wall and spots 6 to 10 were assigned in the middle of the cavity according to the curing depth. Spots 1 and 6 were assigned at the proximal end of the cavity and the spots 2 to 5 and 7 to 10 were assigned deep into the cavity from the proximal surface at 1-mm intervals ( Figure  1A) . The cavity was filled with an A2 shade flowable resin (AeliteFlo, Bisco, Schaumburg, IL, USA) while the proximal end of the cavity was covered with a microscopic slide glass so as to limit the composite resin within the cavity. The Teflon blocks could be placed in the same position as the copper plate for the thermographic image taking by referencing the squared table.
The light guide of a light emitting diode (LeD) based light curing unit (LCU) (Dr's Light, GoodDoctors Co., Seoul, Korea) was fixed with a custom made clamp attached to a retort stand 1 mm away from the open proximal surface of the Teflon block. The exit window of the light guide was positioned parallel to the proximal surface. Then, the composite resin was light cured with various output modes for 20 s: normal mode, high mode, pulse mode, soft-start mode, and pulse soft-start mode. Therefore, ten recordings were acquired for each composite resin specimen and five recordings were acquired at each measurement spot. Two composite resin specimens were used to measure the polymerization temperature of the composite resin with each light curing mode.
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at the proximal surface, the polymerization temperature was measured at the upper surface. A radiation shield was installed over the proximal surface in order to prevent light curing of the composite resin at the upper surface where the polymerization temperature was measured ( Figure 1B ). The polymerization temperature of the composite resin was measured from the start of light activation with an infrared thermographic camera (Thermovision 900 SW/Te, Agema Infrared Systems AB, Danderyd, Sweden) for 40 s at room temperature. The polymerization temperature of each measurement spot was recorded in five frames per second and converted to temperature per second.
The peak polymerization temperature of the composite resin according to the light curing modes was analyzed with one-way ANOVA at a 0.05 significance level followed by post-hoc comparisons with the Tukey's HSD test (SPSS 18.0, SPSS Inc., Chicago, IL, USA). The peak polymerization temperature of the measurement spots within the composite resin (approximation to the cavity wall and curing depth) was analyzed with two-way ANOVA at a 0.05 significance level followed by posthoc comparisons with the Tukey's HSD.
RESULTS
The mean peak polymerization temperature of the composite resin according to the light curing modes was 51.0±11.9°C with the normal mode, 58.6±13.8°C with the pulse mode, 58.6±13.1°C with the soft start mode, 60.2±12.8°C with the pulse soft start mode, and 60.6±12.9°C with the high mode in an increasing order (Figure 2 ). There were no statistically significant differences in the peak polymerization temperature of the composite resin between the light curing modes (p>0.05).
The mean peak polymerization temperature of the selected measurement spots according to the approximation to the cavity wall and curing depth is shown in Table 1 . The two-way ANOVA showed a significant effect for both the main factors (approximation to the cavity wall, p<0.001; curing depth, p<0.001) and their interaction (p=0.014).
When comparing the measurement spots according to the approximation to the cavity wall and curing depth, the peak polymerization temperature measured adjacent to the cavity wall was significantly higher at depths of 2 mm, 3 mm, 1 mm, and 4 mm than that measured on the surface (p<0.05). The peak polymerization temperature measured in the middle of the cavity was significantly higher at depths of 2 mm, 1 mm, and 3 mm followed by that measured at the depth of 4 mm, and by that measured on the surface (p<0.05). Figure 3 represents the polymerization temperature curves of the composite resin light cured with high mode of LeD LCU at the selected spots. The peak polymerization temperature at spots 7, 8, and 9 was significantly higher than the peak polymerization temperature at the other spots.
DISCUSSION
Some LeD based LCUs are equipped with different output modes: normal mode, high mode, pulse mode, soft-start mode, and pulse soft-start mode. One of these LCUs is the Dr's Light. According to the manufacturer, the power density of this LCU was 600 mW/cm 2 in the normal mode and was 1200 mW/cm 2 in the high mode. The pulse mode consisted of irradiation with 1200 mW/cm 2 for 0.1 s and a 0.05 s pause alternating for 20 s. The softstart mode consisted of increasing power density from 0 to 600 mW/cm 2 for 5 s and thereafter in full strength of 1200 mW/cm 2 for 15 s. The pulse softstart mode consisted of increasing power density from 0 to 600 mW/cm 2 for 0.1 second and a 0.05 s pause alternating for 5 s, and thereafter, in full strength of 1200 mW/cm 2 for 15 s. The final power density of each light curing mode was checked with a hand held dental radiometer (Cure Rite, Kerr, Milford, MA, USA).
The temperature rise during light curing of the composite resin is a function of the rate and degree of conversion of carbon-carbon double bonds to carbon-carbon single bonds 2, 8 . The prominent temperature rise observed in this study indicates a high rate of photopolymerization, since the exothermic reaction is proportional to the amount of resin available for polymerization 2, 3, 12 .
The peak polymerization temperature at the measurement spots was between 39.7°C to 76.9°C. The peak temperature was over 50°C in all measurement spots in the middle of the cavity. This result is in accordance with the result of a previous study reporting a maximum peak polymerization temperature of more than 50°C. The high polymerization temperature in this study *Values followed by the same letters are not significantly different (p<0.05). Uppercase letters were used to compare groups in the columns; lowercase letters were used to compare groups in the rows may be mainly due to the power density of the LCU, filler content of the composite resin and the mass of the composite resin. Hannig and Bott 9 (1999) reported that LCUs with a high energy output caused a significantly higher temperature rise in the composite resin than that caused by LCUs with a lower energy output. In their study, an LCU with a power density of 320 mW/cm 2 induced a significantly lower temperature rise in the composite resin compared to that caused by an with a power density of more than 500 mW/cm 2 . In their study, halogen based LCUs are used and they are reported to increase the polymerization temperature of composite resin due to the heating effect of the light source 2 . However, in our study, a LeD based LCU was used and the LeD LCU is reported to have minimal heating effect 10 . Therefore, the temperature rise of the composite resin light cured with various light curing modes was prominent, and it could be extrapolated that the power density of at least 600 mW/cm 2 (normal mode) was sufficient for proper light curing of the composite resin. Hubbezoglu, et al.
11 (2008) reported that flowable resins with low filler content showed higher temperature rise than that in the hybrid composites with the same filler size distribution. The flowable resin used in our study contained 56 wt.% barium glass filler, which was even lower than the filler content of the flowable resin used in their study. Al-Qudah, et al. 3 (2007) reported a temperature rise of up to 41.1°C for a flowable resin with 25% less filler content than that of hybrid composite resin. Also, previous studies have reported that the exothermic reaction of the composite resin is proportional to the amount of resin available for polymerization 2, 3, 12 . In our study, the polymerization temperature of a large bulk of flowable resin was measured and a prominent temperature increase was observed in the composite resin.
In the first part of this study, the mean peak polymerization temperature of the composite resin was not affected by various light curing modes. Therefore, the first null hypothesis was accepted. Hoffman, Hugo and Klaiber 10 (2002) investigated the temperature rise during polymerization of the composite resin and reported that there were no significant differences between the continuous mode and the ramp mode of the LeD LCU. However, another study reported that the peak polymerization temperature of a hybrid composite resin light cured with a halogen LCU in the ramp mode was lower than that of a hybrid composite resin light cured with a halogen LCU in the conventional mode 3 . The halogen LCUs are reported to have a heating effect on the composite resin 2 and the conventional mode of the halogen LCU with full power density from the start of light curing could have affected the peak polymerization temperature. The ramp mode of the halogen LCU used in their study began at a power density of 100 mW/cm 2 to the maximum power density for 10 s and the heating effect could have been suppressed for that time period. In contrast, LeD LCUs are reported to have a low heating effect 10 . In addition, in the soft-start and pulse soft-start modes of the LeD LCU used in this study, the time between the initial power density and the maximum power density was only 5 s, and thus, there was less time for the suppression of the heating effect compared with 10 s of the halogen LCU as described above. Therefore, it could be assumed that the difference in the light source of the LCU and the program setting of the light curing mode may have contributed to the difference in the polymerization temperature of the composite resin. Since Al-Qudah, et al. 2 (2005) stated that exothermic reaction of composite resin polymerization is proportional to the degree of conversion of carbon-carbon double bonds, and there were no significant differences in the peak polymerization temperature of the composite resin according to the light curing modes, it could be assumed that the degree of cure was high 8 . While comparing the measurement spots adjacent to the cavity wall, the peak polymerization temperature on the surface was significantly lower than that measured at the deeper spots. Similarly, in the middle of the cavity, the peak polymerization temperature at the surface was significantly lower than that at the 4 mm depth, which was significantly lower than that at depths of 3 mm, 1 mm, and 2 mm in an increasing order. Therefore, the second null hypothesis was rejected. This result is in contrast with another study reporting a higher polymerization temperature on the surface of the composite resin. In the study by Knezevic, et al. 15 (2001), the polymerization temperature of the composite resin was higher on the surface than at the 1 mm depth. In their study, in order to simulate the composite resin layer of a depth of 1 mm, a precured composite resin overlay of 1 mm thickness was placed above the uncured composite material samples of 0.1 mm thickness and light cured for 40 s through the overlay. Thus, only a small mass of the composite resin was used to measure the polymerization temperature compared to a large mass of composite resin used in our study. As described before, the difference in the mass of the composite resin resulted in the difference in the peak polymerization temperature at the 1 mm depth. Also, the lower peak polymerization temperature at the surface could be explained by the low heating effect of the LeD LCU 10 unlike the previous report of halogen LCUs with heat generation from the light source 2 . The higher peak polymerization temperature at 1 mm to 3 mm depth in the middle of the cavity could be explained as follows. Most studies measured the polymerization temperature on the lower surface of the composite resin of various thicknesses 5, 15, 21, 24 . With this experimental design, the free radical of the composite resin monomer is located at the lower surface of the composite resin and it can find possible reaction partners only in the inner side of a hypothetical sphere centered on the free radical. In this study, however, the polymerization temperature of a large bulk of composite resin was measured on the upper surface while the proximal surface of the composite resin was light activated. In the bulk of the material, especially in the middle of the cavity, the free radical is three-dimensionally surrounded by possible reaction partners 10 , thus increasing the temperature rise in the bulk of the composite resin compared to the outer side of the material. Although the power density of the curing light is higher at the outer surface of the composite resin, the limited amount of monomers induced a low peak polymerization temperature. In addition, the low peak polymerization temperature at 4 mm depth in the middle of the cavity could be explained by the limited access of curing light to the deeper part of the composite resin. This situation is the opposite to that of the surface, since the amount of monomers is sufficient for polymerization, whereas the power density of the LCU reaching deep inside the composite resin is low. Therefore, composite resin of a depth of 1 mm to 3 mm seems to be favorable for light curing considering the factors such as access to the curing light and sufficiency of the monomers. These findings could be applied to situations such as bulk curing of the composite resin. As previously shown, bulk curing of the composite resin over 3 mm thickness could result in decreased polymerization due to limited curing light penetration of the composite resin itself 8 . Therefore, the clinician should consider incremental curing in deeper cavities.
The peak polymerization temperature measured in the middle of the cavity was significantly higher than that measured adjacent to the cavity wall at the same curing depth. This can also be explained by the less availability of monomers adjacent to the cavity wall than in the middle of the cavity for further polymerization as described above.
There are limitations of this study. Although this study was based on the concept that the temperature rise during light curing of the composite resin is a function of the rate and degree of conversion 2, 8 , demonstration of the degree of cure by microhardness testing would have been more supportive. Also, Teflon molds were used instead of human tooth specimens when the peak temperature of the composite resin was measured. In addition, as the composite resin was not bonded to the Teflon molds, the composite resin was expected to shrink away from the cavity. With dentin bonding to the tooth structure, the polymerization of the composite resin might have the polimerization of the composite resin adjacent to the cavity wall might have been interfered. However, Hannig and Bott 9 (1999) reported that there was no significant difference between the pulp chamber temperature during composite resin polymerization with and without dentin bonding application in human tooth specimens. Therefore, the effect of dentin bonding on the peak temperature of composite resin polymerization might be negligible in this study.
CONCLUSIONS
Considering the limitations of this study, there were no statistically significant differences in the peak polymerization temperature of the composite resin according to various light curing modes. While analyzing the measurement spots adjacent to the cavity wall, the peak polymerization temperature at the depths of 1 mm to 4 mm was significantly higher than that of the surface. In the middle of the cavity, the peak polymerization temperature at the depths of 1 mm to 3 mm was significantly higher than that at the depth of 4 mm, and that on the surface. Peak polymerization temperature of the spots in the middle of the cavity was higher than that measured in the spots adjacent to the cavity wall at all curing depths.
